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Abstract 
Porcelain fused to metal (PFM) is one of the more extended combined rigid restoration devices used in dental materials. PFM 
combines good mechanical properties of metals and aesthetic properties of ceramics. The quality of those parts depends on 
metal/ceramic interface, throughout factors like adhesion. There are different methods that evaluate the metal/ceramic bond, 
some of those are standardized. The aim of this work is to apply the Acoustic Emission technique (AE) in the characterization of 
metal/ceramic interfaces under the action of a charge. Elastic waves produced in any material when it is submitted to forces, are 
known as AE. To assess the material behavior, the waves are detected by piezoelectric sensors. In this research, the 
metal/ceramic bond was studied by a flexural test of three points. The results of the AE parameters were correlated with surface 
and heat treatment performed on the substrates. These changes affect metal-ceramic adhesion. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
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1. Introduction  
The metal/ceramic restorations had been over years the main base of fixed prosthesis designs in dental materials. 
Between them, the porcelain fused to metal (PFM) had been one of more acceptation. This kind of restoration is 
remarkable by the combination of the metal good mechanical properties and the good aesthetic ceramic properties. 
The quality of a fixed prosthesis mainly depends on the inalterability of the metal/ceramic interface. For this reason, 
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these interfaces have been studied in different works, Li et al. (2011), Lee et al. (2000), Bohse (2000).   
The adhesion between the different materials is very important to the prosthesis mechanical behaviour. This 
factor is mainly affected by thermal expansion coefficient and physical and chemical interactions of components. 
Today, there are standards to control the studies and essays that allow determine the component quality of pieces 
like dental prosthesis. One of them is Standard IRAM ISO 9693, specific for dental restorations of metal/ceramic 
systems, Proyecto 1 IRAM-ISO 9693 (2008). The mechanical tests of the present work are based on this Standard. 
The aim of this work is a preliminary study to provide an efficient and precise tool to evaluate a metal/ceramic 
interface behavior under a charge system. The non-destructive testing method Acoustic Emission (AE) technique is 
proposed to characterize the metal/ceramic bond. The paragraph 3.20 of the standard NM 302-2005 EA (2005) 
defines it as “phenomenon by which transitory elastics waves are generated for rapid release of energy from sources 
into the material, or the transitory waves as produced”. In other way, the AE could be defined as the process 
throughout which a material changes its internal stress field when a charge applies on it. The released energy 
produces mechanical waves that reach the material surface. At this moment, the waves reach a piezoelectric sensor 
sited in the same material surface. After this, they are transformed in electrical waves that are amplified and stored 
for their visualization and processing. 
 
 
Fig. 1. Block diagram of a typical Acoustic Emission System. 
Figure 1 shows a block diagram of an AE typical device installation. The piezoelectric sensor is sited on the 
surface analyzed material and an element called couplant is placed between the material surface and the sensor to 
improve sensor-material contact and so, improve the acoustic impedance. The transducer is connected to a 
preamplifier that gives 40 dB of gain to the AE signal. Then, it is newly filtered and amplified. Finally, the signal is 
conditioned to be stored and processed, Physical Acoustics Corporation (2007), Piotrkowski (2005).  
A three-point bending device was designed according to Standard IRAM ISO 9693. And the metal/ceramic test 
pieces or samples were made according to the same Standard. The samples were made with a two-layer of ceramic 
component deposited on a metallic substrate. Four kinds of samples were done, differentiated by heat treatments 
(HT) and superficial modification combinations. 
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The sample behavior to bending was monitored by a load cell that measures the applied force over the sample and 
through a two channels AE system. The mechanical wave “punch” in the piezoelectric sensor base is called “hit”. 
The AE parameters like amplitude, energy, hits amount and rise time were registered, between others parameters. 
2. Experimental Procedure 
2.1. Raw materials used in samples manufacture.  
The metallic component used as substrate was a Ni-Cr alloy of high quality and highly resistant (Verabond). 
Usually, it is used for dental restorations. The alloy composition was: Ni 77.95%, Cr 12.60%, Mo 5.00%, Al 2.90%, 
Be 1.95% and Co 0.45% (% in weight), according to data provided by manufacturers. Some mechanical and 
physical properties are presented in the table 1. These data were taken from the URL address: 
http://protesisdentaljc.com/verabond.php. 
   Table 1. Mechanical and physical properties of Ni-Cr Verabond alloy.  
Mechanical Properties Amounts 
Tensile Strength, Kpsi (MPa) 196000 (1352) 
Yield Strength, Kpsi (MPa) 121500 (838) 
Young Modulus, psi (MPa) x 106 30.4 (0.21) 
Elongation, % 18 
Vickers Hardness, HV1 410 
Density, g/cm3 7.9 
Colour White 
Expansion Coefficient 14 x 106 (500ºC) 
Melting Range, F(ºC) 2120 – 2327 (1160 - 1275) 
 
Noritake porcelain was used as ceramic. This material has a feldspar matrix with quartz and kaolin in smaller 
quantities as dispersed particles. The translucency of porcelain is due to feldspar. The quartz is the crystalline phase.  
When the ceramic hasn´t suffered firings yet, the kaolin allows its plasticity and handling. Melting elements are 
added to the mixture to decrease the sintering temperature. Some pigments can be added to obtain different tonalities 
(dental esthetic), Martínez Rus et al. (2007). 
2.2. Metal/ceramic samples preparation.  
The grouping criterion was analyzed before starting with first stage of manufacturing process. Four groups were 
considered depending on if the metallic substrate was sandblasted or it wasn´t and if it suffered a HT or didn´t.  
All samples were manufactured according to same conditions (attending to the Standard). The samples geometry 
was rectangular. The substrate measures were (25 mm ± 1 mm) x (3.0 mm ± 0.1mm) x (0.50 mm ± 0.05 mm) of 
thickness. Two ceramic layers (opaque plus dentin) were applied on the center of the substrate covering an area of 
(8.0 mm ± 0.1 mm) x (3.0 mm ± 0.1 mm), and with a thickness of 1.1 mm ± 0.1 mm. The figure 2 schematizes the 
metal/ceramic sample. 
 
 
 
Fig. 2. Sample scheme according to Standard IRAM ISO 9693. 
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The sandblasting process was done with aluminium oxide particles. The particles had 60 μm of diameter (80 
mesh) and they were ejected at 3 Bars air pressure, separated 7 cm to the substrate. 
The HT was made, starting from to 600 ºC in vacuum and increasing the temperature at 60 ºC/min until to reach 
980°C. Then, the vacuum was removed and this condition remained for 5 minutes. 
The figure 3 (a) shows the substrate appearance of two samples. One of them has only HT (left) and the other has 
been sandblasted and posterior HT (right). Figure 3 (b) shows some of the final samples. 
 
           Fig. 3. (a) Substrate with HT (left) and substrate with sandblasting and posterior HT (right); (b) Three samples with the ceramic layer.  
2.3. Measure System.                                                                                   
The 3-point bending tests were made to stimulate the beginning of Shwickerath fracture, in accordance with the 
Standard. In this way, the metal/ceramic bond can be characterized. The measure system may be separated in 2 sub-
systems. One of them is the applied load system and the other is the AE system. 
The applied load system consists in an adapted scratch test mechanism with two modified elements, the base 
support and the indenter to apply the load, Ta (2007). The base support has two racks in upright position, its 
separation an upper edge diameter are accord to the Standard. The base support was mounted over a load cell CDL-5 
model; it has a measure range of 0 to 6 Kgf. A motor moved the tip at 1.5 mm/min. The radius tip and rates are 
standardized. 
The AE system has a 2 channels PAC PCI-2 18 bites board plate with a maximum acquisition velocity of 40Ms/s. 
A PAC wide-band sensor was connected to channel 1 and a PAC resonant sensor model R15D (150 Khz) to channel 
2. In both cases the connection was made through AE preamplifiers with 40 dB of gain. The R15D sensor was 
placed on external wall of left rack of base support. The wide band sensor was placed on external wall of right rack. 
A coupling medium was used between sensor and rack wall. The load cell was connected to parametric input of PCI 
board plate through a DB25 connector.  
AEWin software was used to control the AE system, adjusting the variables of the measurements such as AE 
threshold, amplifiers gain, filters, sampling frequency, etc. The system let record AE features like amplitude, energy, 
hits amount, rise time, RMS (Root Mean Square), etc. Also, the software allowed the acquisition of AE waveforms 
for each test. The load cell signal was entered and digitalized in parallel with AE signals as an external parameter. 
The tests were observed in detail and recorded through a USB digital microscope in recorder mode. Figure 4 shows 
the experimental arrangement of the tests. 
 
 
a b 
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Fig. 4. Test system. 
2.4. AE Parameters.                                                                                   
The typical parameters of AE signals are showed in Figure 5 and they are defined by Physical Acoustics 
Corporation (2007): 
x Hit time: the hit starts at this time. It starts when the signal exceeds a preset value that is determined by the 
phenomenon of interest and is called the threshold. 
x Amplitude: it is the maximum value of the amplitude of the AE signal. Depends of the magnitude of the 
source and on the material properties. 
x Duration: it is the time elapsed since the signal first threshold crossing up to the signal last crossing. 
Depends of the magnitude of the source, of the sample size, of the employed sensor and of the threshold. 
x Rise time: it is the time from when the signal crosses the threshold until it reaches its maximum amplitude. 
It depends on the threshold and on the wave dispersion in the path between the source and sensor. 
x Number of Counts: it is the number of times the signal crosses the threshold. It depends on the threshold 
and it is associated with the amplitude. 
x Energy: it is the measured area under the rectified signal envelope. Depends on the amplitude and duration. 
x Root Mean Square (RMS): it is related to the average energy of the AE signal. 
x Absolute Energy (Eabs): it can be defined as the actual AE energy and is derived from the integral of the 
square voltage signal divided by a reference resistance value (10 KΩ) on the duration of the AE wave. 
x RA value: it is the ratio between the rise time (seconds) and the amplitude (dB). 
x Average Frequency (AF): it is the ratio between the number of counts and the duration (microseconds). 
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Fig.5. Parameters of an AE event.  
2.5. Samples and tests.  
A total of eight samples were tested. Four kinds of groups were defined according to the type of metallic 
substrates. The not sandblasted substrates without HT samples were denominated as SASTT group (samples P2 and 
P3). The not sandblasted substrates with HT samples were denominated as SACTT group (samples P6 and P7). The 
sandblasted substrates without HT samples were denominated as CASTT group (samples P9 and P10). Finally, the 
sandblasted substrates with HT samples were denominated as CACTT group (samples P13 and P14).  
The process of bending and detach of the ceramic layer was also filmed with the digital microscope. With the aim 
to check out the right coupling of the AE sensors and the correlation between the filming time and the measured 
time of the AE, the Hsu Nielsen method was applied on the sample. The metal/ceramic sample was put on the base 
support with the ceramic layers in the opposite side where the pit touches the sample to produce bending.  
3. Results and discussion 
3.1. AE parameters analysis. 
 
As the behaviour of the AE parameters was similar for all the samples, only the results corresponding to sample 
P2 will be presented here in detail.  
In Figures 6a and 6b it can be seen that the curve of applied load vs. time process shows three well different 
stages. In the first, the load increases with time with an approximate constant slope until the load decay in a very 
short time from 1.24 Kgf to 0.75 Kgf. This transition process is considered as the second stage. The third starts when 
the load begins a new monotone raise until the end of the test. In this case the slope in slightly minor than in the first 
stage. In Figure 6a the amplitude of the AE events vs. time is also plotted, showing a low emission at this first stage, 
with a high amplitude emission event at the second stage (93 dB AE, in all cases) and then, the emission of a lot of 
events with considerable amplitude (during the third stage). In Figure 6b the load and the absolute energy (Eabs) vs. 
time are plotted. The corresponding recorded video showed that at the first stage the ceramic was well attached to 
the metallic substrate and that at the corresponding time of the start of the second stage (abrupt load decay process), 
the ceramic layers begins the detachment process. The third stage correspond to the posterior continue process of 
detaching of the ceramic layer. 
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Fig. 6. (a) Blue dots, load (Kgf) vs. time (s); pink dots, amplitude (dB) vs. time (s). (b) Blue dots, load (Kgf) vs. time (s); pink dots Absolute 
Energy Eabs (attojoules) vs. time (s).  
In Figure 6b it can be noted how the maximum Eabs peak coincides with the highest peak of the first stage load 
curve. We could say that the energy required to initiate separation of the ceramic from the metal is very high. Upon 
making contact with the tip, the substrate deformation is impeded by the stability of the metal/ceramic interface. 
Once generated union instability, separation progresses at a rate determined by the bond strength, while the load rate 
is constant (third stage). 
The observed load vs. time behaviour on first stage can be associated with a homogenous answer of the entire 
metal/ceramic sample. The abrupt load decay of the second stage clearly corresponds to the weaker strength feature 
of the sample. It was observed a very good agreement between the time at which the load starts to decay, the 
occurrence of the AE event maximum amplitude (or absolute energy), and the visualization of the detachment of the 
ceramic layer at the left side of the sample (Figure 7a). 
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Fig. 7. Detaching of ceramic layer process. 
We also analysed the relationship between the Average Frequency (AF) and the RA value (see 2.4). This 
relationship would estimate the mode of application of the load that prevailed in the interface take-off process. This 
becomes visible through the bisector line analysis. If the graph shows a high density of dots in the zone above this 
line, it is said that the tensile component was predominant; otherwise it was the shear component, Grosse et al. 
(2008), Paipetis (2012).  
Figure 8 shows how the AE events are distributed in the separation process. Thus, for each group of samples it 
can be estimate what is the dominant mode in the load application at each site where the metal/ceramic union break 
occurs. Then, in this stage the more representative sample from each group was selected. From Figure 8, we can say 
that although in all samples the tensile mode is predominant, for HT samples the AE events present an increase over 
the area of the graph corresponding to the shear mode (P6 and P13). 
 
 
Fig. 8. AF-RA relationship. Y-axe represents the values of AF in KHz, x-axe represents RA values in s/dB. 
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Figure 9 shows the load values at which the ceramic layer starts to detach from the metal, averaged for each test 
group under similar conditions. For the cases of the samples of substrate with sandblasting, it is noted that the load 
at which begins the take-off is greater than in the samples without sandblasting. This confirms the results of Carrizo 
(2011). On the other hand, we can say that the HT samples presented lower take-off loads than not HT samples, 
whether or not the substrate was sandblasted. 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Average load of detaching for each group of samples. 
4. Conclusions 
 
We can say that AE technique is an effective method to determine accurately, in this type of test and trials, the 
instant of the metal/ceramic interface separation. At that time, the values of the amplitude and the Eabs of AE events 
are very representative of the separation process. This is corroborated by the results obtained by the load cell. It is 
further proposed, as a parameter for studying the AE produced from the separation of the interface, the ratio FM-
RA, which was then employed to estimate the prevalence mode of strength during load application. It should be 
noted that this relationship provides good information as long as it is analysed in a complementary way with other 
parameters. 
With respect to how the substrate sandblasting and the HT affect the behaviour of the interface, we can conclude 
that the sandblasting process has a better influence in the resistance of the interface bonding than HT process. The 
sandblasting increases significantly the load at which take-off occurs while the HT reduced in all cases the load of 
the interface separation. 
Subsequent work will advance on the characterization of the interface. Other types of substrates with different 
treatments and ceramics will be analysed. In addition, we will analyse the waveforms.  
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